Lymphedema is a common condition involving an abnormal accumulation of lymphatic fluid in the interstitial space that causes swelling, most often in the arm(s) and leg(s). Lymphedema is a significant lifelong concern that can be congenital or develop following cancer treatment or cancer metastasis. Common methods of evaluation of lymphedema are mostly qualitative making it difficult to reliably assess the severity of the disease, a key factor in choosing the appropriate treatment. In this paper, we investigate the feasibility of using novel elastographic techniques to differentiate between lymphedematous and normal tissues. This study represents the first step of a larger study aimed at investigating the combined use of elastographic and sonographic techniques for the detection and staging of lymphedema. In this preliminary study, poroelastographic images were generated from the leg (8) and arm (4) subcutis of five normal volunteers and seven volunteers having lymphedema, and the results were compared using statistical analyses. The preliminary results reported in this paper suggest that it may be feasible to perform poroelastography in different lymphedematous tissues in vivo and that poroelastography techniques may be of help in differentiating between normal and lymphedematous tissues.
Introduction
Lymphedema is a common condition involving an abnormal accumulation of lymphatic fluid in the interstitial space that causes swelling, most often in the arm(s) and leg(s) (www.lymphnet.org) 5 . Primary lymphedema is a congenital condition, while secondary lymphedema may be caused by tumor invasion of the lymphatics, by tumor metastasis to lymph nodes and consequent blockage of lymphatic fluid flow, or by damage of the lymph nodes from cancer surgery or radiation therapy.
Lymphedema has been described traditionally in three stages (Foldi and Foldi 2003) . Stage I lymphedema is the spontaneously reversible stage. In this stage, tissue is still at the 'pitting' stage, which means that when pressed by fingertips, the area indents and holds the indentation, presumably due to rapid fluid exudation from the compressed area and slow reperfusion. Stage II lymphedema is the spontaneously irreversible stage. In this stage, the tissue has a spongy consistency and is 'non-pitting,' meaning that when pressed by fingertips, the tissue bounces back without any indentation forming. Fibrosis found in stage II lymphedema marks the beginning of the hardening of the limbs and their increasing size. Stage III lymphedema is also called the lymphostatic elephantiasis. In this stage, the swelling is irreversible and usually the limb(s) is/are very large. The tissue is stiff (fibrotic) and unresponsive. The mobility of interstitial fluid flow in the subcutaneous tissues increases substantially with the onset of edema (Guyton et al 1971 , Mridha andÖdman 1986 . Mridha andÖdman (1986) reported that patients with edema showed marked differences compared to normal subjects in the gross pattern of fluid translocation. They also reported that the flow rate and volume of interstitial fluid translocated due to compression were found to be indicative of the degree of edema and the severity of the tissue damage that results. This characterization could provide important information for diagnosis and treatment.
The main method of evaluation of lymphedema is through clinical history followed by inspection and palpation of the area of interest (Foldi and Foldi 2003) . Other methods include water displacement measurement, tissue tonometry, and, more commonly, circumferential measurements Heelan 1998, Rockson 2001) . However, there are no wellestablished guidelines for diagnosis of lymphedema using circumferential measurements and no consensus on what measurement change constitutes lymphedema (Gerber 1998 , Petrek et al 2000 . Early and reliable diagnosis continues to be challenging. Furthermore, the diagnostic methods that are currently used lack accuracy in assessing lymphedema and do not allow distinguishing between lymphedema and other types of edema. Consequently, the findings may vary considerably from examiner to examiner. More recently, MRI and CT methods have been proven to be suitable for the diagnosis and staging of lymphedema (Witte et al 2000 , Aström et al 2001 , Hadjis et al 1985 , Duewell et al 1992 . However, the high cost of these methods is a factor limiting their use in lymphedema applications, since lymphedema patients are usually chronic patients that require frequent follow-ups. Generally, an ultrasound method would be more suitable for this purpose because ultrasound methods are safe, widely used in routine practice and inexpensive compared to MRI and CT methods. Standard ultrasound methods, however, provide only a qualitative assessment of lymphedema and do not allow quantitative and localized staging of this disease (Doldi et al 1992) .
Many approaches have been tried in the treatment of lymphedema, including medications, physiotherapy and surgery (Petrek et al 2000) . Lymphedema treatments are primarily aimed at preventing the progression of disease, mechanically reducing and maintaining the limb size and preventing skin infections. These treatments depend on the symptoms and, most of all, on the severity of the disease (Tiwari et al 2003) . Thus, it is essential yet difficult to accurately identify the point of transition between the reversible and irreversible stages. It is also important to obtain information regarding the potential effectiveness of lymphatic treatments and monitor the progress of therapy and/or test the efficacy of new treatments.
Ultrasound elastography is an imaging modality that is able to map the local strains that a tissue experiences due to the application of a compression (Ophir et al 1991) . Local tissue strains can be computed as the gradient of local tissue displacements, which can be estimated from digitized RF echo signals using cross-correlation techniques. The resultant strain image is called an 'elastogram'. The use of elastography for imaging the strains in linearly elastic tissues has been well established in the literature (Garra et al 1997 , Hall et al 2003 , Itoh et al 2006 , Thomas et al 2000 , Svensson et al 2006 . In the past several years, novel emerging elastographic techniques have also been proposed that may allow imaging additional mechanical properties/behavior of tissues (Konofagou et al 2001 , Thitai Kumar et al 2000 , Righetti et al 2005b . One of these techniques has been named 'poroelastography' (Konofagou et al 2001) . Poroelastography is aimed at imaging the effective Poisson's ratio (EPR) distribution in poroelastic materials under compression and its temporal behavior due to fluid flow (Righetti et al 2004) . A poroelastogram is defined as a time sequence of EPR elastograms obtained from the poroelastic material under compression. By estimating the time constant of the temporal decay of each pixel in the poroelastogram, a new elastogram can be generated. This elastogram has been named the EPR time constant (EPR-TC) elastogram, and it may convey information about the underlying permeability distribution of the poroelastic material (Righetti et al 2005b) .
The purpose of the study reported in this paper is to investigate the feasibility of using some of the aforementioned novel elastographic techniques for the detection of lymphedema. This study describes the first attempt at generating poroelastograms in different lymphedematous tissues in vivo and represents the first step of a larger study toward the combined use of elastographic and sonographic techniques for the detection and staging of lymphedema. The hypothesis underlying this work is that when subjected to sustained compression, lymphedematous tissues exhibit the characteristic behavior of poroelastic materials due to their relatively high fluid content and fluid's mobility. Consequently, during compression, the amount of fluid that moves out of the area of interest causes a decrease in the EPR distribution as depicted by the poroelastogram, and the TC of such a decrease may be related to the rate of fluid movement.
We have recently reported the results of performing a single poroelastographic experiment in vivo on a volunteer having chronic lymphedema in the right upper arm (Righetti et al 2005a) . For comparison, data were also acquired from the normal arm of the same volunteer. The experiment was performed by using a novel acquisition/processing methodology, which allowed maintaining high correlation values during the entire acquisition interval. The results suggested that no significant temporal changes occurred in the normal arm, while in the edematous arm there appeared to be both spatial and temporal changes in the EPR distribution. Since these results were aimed at demonstrating the applicability of the proposed novel methodology rather than the feasibility of using poroelastography in lymphedematous tissues and they were very preliminary, no statistics could be computed. In this paper, we used a large number of cases to evaluate the feasibility of generating poroelastograms in different tissues in vivo using different compression/acquisition schemes as well as the feasibility of using poroelastography to distinguish between lymphedematous and normal tissues. The poroelastographic results obtained from normal and lymphedema volunteers were compared using statistical analysis. The results suggest that it may be feasible to distinguish between normal and lymphedematous tissues using poroelastography techniques.
Methods
Poroelastographic data were acquired from (1) the thigh or forearm subcutis of seven female and one male patient volunteers having lymphedema and (2) the thigh or forearm subcutis of five normal female volunteers. Two additional experiments (one on a normal volunteer and one on a volunteer with lymphedema) were performed exclusively for the design of the experimental protocol (see below). All volunteers signed University of Vermont Medical School and Fletcher Allen Health Care IRB and HIPAA consent forms under CHRMS or CHRBS (99-072) before participating in the study. RF data were acquired using the Philips HDI-1000 system with a 7.5 MHz array transducer, 50% bandwidth, 1 mm focal beamwidth and a 20 MHz sampling frequency. Data were acquired with the transducer attached to a digital motion control system, controlled by a PC to initiate and control the transducer positioning and acquisition timing . The volunteers were asked to lie supine on a bed and the transducer was placed over the area of interest. The area of interest was pre-scanned to select a suitable sonographically uniform region of interest in the subcutis. Then the volunteers were asked to minimize motion and refrain from speaking during each acquisition.
Two sets of preliminary experiments (one set on a normal volunteer and one set on a volunteer with lymphedema) were used for the design of the acquisition data scheme, which initially was chosen on the basis of poroelastography experiments in vitro (Righetti 2005) . The results of these two sets of experiments were aimed at determining the inter-frame delay and number of frames suitable for the generation of the EPR-TC elastograms (for the correct application of the curve-fitting procedure that allows generating the EPR-TC elastogram, the maximum interval between successive frames is chosen according to statistical formulas applied to the preliminary data (Bendat and Piersol 1986) ). These data were used only for the design of the experimental protocol and will not be reported. Due to practical difficulties in determining the optimal acquisition parameters for the subsequent experiments in vivo, the data acquisition scheme was adjusted to the minimum inter-frame delay allowed by the system, given the acquisition depth for the scanned volunteers. In all patient acquisitions, depth was set at 3.7 cm and the delay between consecutive frames was approximately 0.3 s. The subcutis areas were identified from the corresponding B-mode images. However, in order to assure that most of the subcutis region was imaged and due to the generally asymmetric geometry of the subcutis layer, in most of the cases the ROI was chosen to extend to depths up to 5 mm below the subcutis layer (thus including few mm of muscle tissue).
We tried two different compression/acquisition protocols. The first compression/ acquisition protocol consisted in acquiring three pre-compression frames from the region of interest, and then applying a single axial strain compression step of 2%. Thereafter 30 frames of RF data were acquired while the tissue was undergoing stress relaxation. For this compression/acquisition scheme the compression phase interval was approximately 0.25-0.5 s. In order to minimize decorrelation during the compression phase, we implemented a second compression/acquisition protocol, which consisted in acquiring three pre-compression frames from the region of interest, and then applying an axial strain compression consisting of ten successive small steps (multi-compression). The total applied axial strain was 2-5% depending on the tissue depth, each step being 1/10 of the total applied strain. For tissues of limited depth, we used a large compression to assure that the compression step could be accurately controlled by the compression system and the resultant axial and lateral displacements accurately detected by our displacement estimation algorithms. At each step, two frames were acquired. Once the desired axial compression level was reached, 30 frames of RF data were acquired while the tissue was undergoing stress relaxation. Using this scheme and due to the limitations of our system, the total compression phase lasted approximately 4 s, but decorrelation between pre-and post-compression frames was found to be lower with respect to the single step compression/acquisition scheme. For one volunteer, the same experiment was repeated twice, the first time when using a 2% compression and the second time when using a 5% compression for comparison. We performed 10-15 exams on each volunteer, each exam being at approximately the same spatial location. This compression/acquisition protocol proved to be suitable for imaging the time-dependent mechanical behavior in the subcutis using both the poroelastograms and the EPR-TC elastograms.
Local lateral and axial displacements were estimated using cross-correlation software routines (cross-correlation window length = 1.5 mm, overlap = 80%) developed in our laboratory (Srinivasan et al 2002a) . Axial and lateral strains were computed from the displacement images using a staggered strain estimation technique (Srinivasan et al 2002b , Righetti et al 2004 . Detailed explanations (including diagrams) of the axial and lateral displacement and strain estimation algorithms may be found in Srinivasan et al (2002a Srinivasan et al ( , 2002b . To increase the precision of the estimations, the RF data were interpolated both axially and laterally by a factor of 2 prior to the displacement estimations. To increase the elastographic signal-to-noise ratio (SNR), a 5 × 5 pixel median filter was applied to the axial and lateral displacement data prior to the strain computations. Note that the use of a median filter on displacement data prior to strain computations was proved to significantly enhance SNR in poroelastography (Righetti et al 2007b) , as it has been shown to do in classical elastographic techniques. The use of a median filter should not compromise spatial resolution as long as its size is sufficiently small with respect to the size of the cross-correlation window length. Poroelastograms were generated from the axial and lateral strain elastograms by implementing the processing method reported in Righetti et al (2005a) , with one modification. In the method published by Righetti et al (2005a) , the axial strain was assumed to be time independent, due to the fact that the majority of the experiments were performed in homogeneous phantoms under stress relaxation. In tissues, however, this assumption may not be always acceptable since a tissue may possess a layered or more complex structure. To take possible temporal variations in the axial strain distribution into consideration, the original method was modified as follows: the EPR at a given point was computed as the linear combination of differential lateral strains (up to that point in time) divided by the linear combination of the differential axial strains (up to that point in time). Conceptually this processing method is the same as the original one but instead of considering the differential strain ratios, we separately consider the differential lateral strains and the differential axial strains and then divide them to compute the EPR. This allows taking into consideration both temporal changes occurring in the lateral strain and in the axial strain. If the axial strain distribution is time independent, the two methods are exactly equivalent. In general, the use of the differential strains allows the reduction of in vivo decorrelation effects (Righetti et al 2005a) . In order to improve the signal-to-noise ratio, this methodology was also combined with a temporal and spatial averaging scheme. The temporal averaging scheme (persistence) consisted of averaging all lateral-to-axial strain ratios contained within a period of 1 s. The application of such a scheme may be feasible because in these experiments, we did not observe any significant temporal changes in the cross-correlation coefficient distribution occurring between frames spaced up to 1 s (Righetti et al 2006) . The spatial averaging scheme consisted of averaging the results obtained from the various exams acquired from the same volunteer. From the averaged poroelastograms, EPR-TC elastograms were generated using curve-fitting techniques (Righetti et al 2005b) . Due to limited temporal data that would allow accurate computation of the TC values, the TC of each pixel was approximated as the inverse of the slope of a straight line fit through the data. The dimensions in the sonogram are 3.8 cm width and 3.7 cm depth. The area of interest in the subcutis is indicated by the green box superimposed on the sonogram (the dimensions of this area are approximately 3.3 cm width and 1.6 cm depth). Note that the area of interest includes a small part of the muscle tissue as well. The poroelastographic data were obtained by applying a multi-compression scheme with a total compression of 2% axial strain. In the EPR elastogram the pixels corresponding to a fitting cross-correlation value <0.5 are masked in gray and are not used for statistical analysis. . The dimensions in the sonogram are 3.8 cm width and 3.7 cm depth. The area of interest in the subcutis is indicated by the green box superimposed on the sonogram (the dimensions of this area are approximately 3.3 cm width and 1.9 cm depth). Note that the area of interest includes a small part of the muscle tissue as well. The poroelastographic data were obtained by applying a multi-compression scheme with a total compression of 5% axial strain. In the EPR elastogram the pixels corresponding to a fitting cross-correlation value <0.5 are masked in gray and are not used for statistical analysis.
Since it has been found that the signal-to-noise ratio of TC elastograms is in general much lower than that of the corresponding poroelastograms (Righetti et al 2007a) , a 3 × 3 pixel median filter was applied to the EPR elastograms prior to the computation of the EPR-TC elastograms.
Statistical analyses were performed to evaluate if statistically significant differences existed between the means of the EPR-TC elastograms obtained from the normal cases and the means of the EPR-TC elastograms obtained from the lymphedematous cases. These analyses were performed using standard t-tests and χ 2 tests for histogram comparison (Bendat and Piersol 1986) .
Results
Figures 1-5 show the results (sonograms, corresponding poroelastograms and EPR-TC elastograms) obtained from the normal volunteers. The poroelastographic images refer to The poroelastographic data were obtained by applying a multi-compression scheme with a total compression of 5% axial strain. In the EPR elastogram the pixels corresponding to a fitting cross-correlation value <0.5 are masked in gray and are not used for statistical analysis. Note that the area of interest includes a small part of the muscle tissue as well. The poroelastographic data were obtained by applying a multi-compression scheme with a total compression of 5% axial strain. In the EPR elastogram the pixels corresponding to a fitting cross-correlation value <0.5 are masked in gray and are not used for statistical analysis. Note that the area of interest includes a small part of the muscle tissue as well. The poroelastographic data were obtained by applying a multi-compression scheme with a total compression of 5% axial strain. In the EPR elastogram the pixels corresponding to a fitting cross-correlation value <0.5 are masked in gray and are not used for statistical analysis. data acquired either from the thigh or forearm of the volunteer as indicated in the figures. In all cases shown in figures 1-5 the multi-compression protocol was used. For the case Figure 6 . Sonogram corresponding poroelastogram and EPR-TC elastogram obtained from the thigh of a volunteer having lymphedema (volunteer 6). The dimensions in the sonogram are 3.8 cm width and 3.7 cm depth. The area of interest in the subcutis is indicated by the green box superimposed on the sonogram (the dimensions of this area are approximately 3.4 cm width and 2.3 cm depth). The poroelastographic data were obtained by applying a 2% axial strain single step compression scheme. In the EPR elastogram the pixels corresponding to a fitting crosscorrelation value <0.5 are masked in gray and are not used for statistical analysis. Note the high number of noisy pixels in the EPR elastograms presumably due to the application of the single step compression. . The dimensions in the sonogram are 3.8 cm width and 3.7 cm depth. The area of interest in the subcutis is indicated by the green box superimposed on the sonogram (the dimensions of this area are approximately 3.4 cm width and 2.3 cm depth). The poroelastographic data were obtained by applying a 2% axial strain single step compression scheme. In the EPR elastogram the pixels corresponding to a fitting cross-correlation value <0.5 are masked in gray and are not used for statistical analysis.
shown in figure 2, a 2% total compression was applied while in the other cases a 5% total compression was applied. In the EPR-TC elastograms shown in these and subsequent figures, the pixels corresponding to a curve-fitting correlation coefficient <0.5 are masked in gray (see Righetti et al (2005) for more details on the curve-fitting procedure). Visually, we did not observe any significant temporal changes in the poroelastograms obtained from the normal volunteers. This was also demonstrated by the relatively high values of the corresponding EPR TC elastograms compared to the lymphedematous cases.
Figures 6-13 show the results (sonograms and corresponding poroelastograms and EPR-TC elastograms) obtained from the volunteers having lymphedema. Figures 6-8 show the results obtained when applying a single 2% compression step, while figures 9-11 show the results obtained when applying a multi-compression scheme (for figures 9 and 6 a 2% total The poroelastographic data were obtained by applying a 2% axial strain single step compression scheme. In the EPR elastogram the pixels corresponding to a fitting cross-correlation value <0.5 are masked in gray and are not used for statistical analysis. . The dimensions in the sonogram are 3.8 cm width and 3.7 cm depth. The area of interest in the subcutis is indicated by the green box superimposed on the sonogram (the dimensions of this area are approximately 3.5 cm width and 2.3 cm depth). The poroelastographic data were obtained by applying a multi-compression scheme with a total compression of 2% axial strain. In the EPR elastogram the pixels corresponding to a fitting cross-correlation value <0.5 are masked in gray and are not used for statistical analysis. compression was used, while for figure 11 a 5% total compression was used). Figures 12 and  13 show the results of an experiment performed twice on the same volunteer. The first time a 5% multi-compression scheme was applied (figure 12), while the second time a 2% multicompression scheme was applied (figure 13). Each figure shows the sonogram, corresponding poroelastogram, EPR-TC elastogram, and histogram of the EPR elastograms corresponding to the first image and the last image in the poroelastogram. Note that the poroelastographic results in the leg subjected to a 2% compression appear to be noisier than those obtained in the leg subjected to a 5% compression, presumably due to lower lateral displacements and, consequently, less precise lateral displacement estimation. Yet, temporal changes are observable in both poroelastograms, and in both cases the histogram corresponding to the first EPR elastogram in the poroelastogram was found to be significantly different statistically from the histogram corresponding to the last EPR elastogram in the poroelastogram. Furthermore, the means of the two EPR TC elastograms corresponding to the 5% and 2% cases were found . Note that the area of interest includes a small part of the muscle tissue as well. The poroelastographic data were obtained by applying a multi-compression scheme with a total compression of 5% axial strain. In the EPR elastogram the pixels corresponding to a fitting cross-correlation value <0.5 are masked in gray and are not used for statistical analysis.
to be statistically equivalent. Thus, the two different compressions do not appear to have altered the temporal behavior depicted in the poroelastograms in a significant manner. Figure 14 shows the means and STD of the EPR-TC elastograms shown in figures 1-13 (each volunteer number corresponds to the respective figure) . The EPR-TC elastograms means corresponding to the normal cases (all lumped together) were found to be significantly different statistically than the EPR-TC elastograms means corresponding to the lymphedematous cases (all lumped together). Figure 15 shows the histogram corresponding to the EPR-TC elastograms of all normal cases (left) and the histogram corresponding to the EPR-TC elastograms of all lymphedematous cases (for volunteer 12-13 only the 5% compression data were used). The histogram . Note that the area of interest includes a small part of the muscle tissue as well. The poroelastographic data were obtained by applying a multi-compression scheme with a total compression of 5% axial strain. In the EPR elastogram the pixels corresponding to a fitting cross-correlation value <0.5 are masked in gray and are not used for statistical analysis. 3 cm depth) . Note that the area of interest includes a small part of the muscle tissue as well. The poroelastographic data were obtained by applying a multi-compression scheme with a total compression of 2% axial strain. In the EPR elastogram the pixels corresponding to a fitting cross-correlation value <0.5 are masked in gray and are not used for statistical analysis. corresponding to the normal cases ( figure 15 , left) appears to follow a normal distribution with a mean of approximately 220 s, while the histogram corresponding to the lymphedematous cases (figure 15, right) exhibits a statistically significant skewness toward lower values of EPR-TC with a mean of approximately 55 s. These histograms were found to be significantly different statistically from each other. Note that there exists an order of magnitude difference between the mode of the histogram of the normal cases (225 s) and the mode of the histogram of the lymphedematous cases (25 s).
Discussion
In this paper we reported the results of several poroelastographic experiments performed on normal and lymphedema volunteers in vivo. The objective of this paper was to show that it is feasible to generate poroelastograms in vivo and that poroelastography may allow distinguishing between lymphedematous and normal tissues. The hypothesis underlying this work is that lymphedematous tissues may be classified as poroelastic materials, whereby their temporal mechanical behavior is determined by two coupled and concomitant phenomena: a solid matrix deformation and fluid translocation (Wang 2000) . The relative importance of these coupled phenomena is related to the elastic properties of the matrix, the effective compressibility properties of the material (both of the solid matrix and of the pore fluid) and the porosity of the matrix. During sustained loading, fluid may exude from the compressed areas and translocate within the tissues due to established pressure gradients. Poroelastograms may provide a means for monitoring time-dependent changes in the compressibility properties of the tissues associated with such fluid movements. Note that in lymphedema patients, this fluid may be sonographically clear (Narayana et al 1984) , because it is a protein-rich fluid and the backscatter signal from the protein may be significantly lower than the backscatter signal from the surrounding tissue. This may not be a limitation in poroelastography imaging where the signal is generated by the backscatter from within the tissue and from the impedance discontinuities between the interstitial fluid and the surrounding tissue elements. This might allow mapping slow flow of sonographically clear fluid in or out of lymphedematous and other tissues.
Although lymphedema can affect several parts of the human body, we performed our experiments in the arm and leg subcutis of volunteer subjects only. These tissues appear to be among the tissues most affected by lymphedema (Mellor et al 2004) . Furthermore, they appear to be particularly suitable for poroelastography because they are easily accessible and fairly superficial. The areas of interest in the subcutis were chosen from the corresponding B-mode images. However, as previously explained, in most cases the region of interest included also part of the underlying muscle tissues. Muscle tissues are significantly stiffer than the subcutis and as such, they strain much less than the subcutis. Given the compression protocols that we used in our experiments, we observed very low axial strains in the muscle tissues. Thus, we concluded that the resulting lateral strains would be too small to be accurately detected. This also explains why many of the poroelastographic images appear to show a noisy area at the bottom. These noisy areas correspond to the muscle tissue areas and are characterized by very low strains and consequently low SNR.
The tissues were tested using a novel compression/acquisition scheme (Righetti et al 2005a) with a modification that allowed taking changes occurring both in the lateral and axial strain distributions into consideration. We tried two different compression protocols. The first one consisted in applying a single axial strain step. The second one consisted in applying a multi-step compression. The multi-compression approach allowed reducing decorrelation noise but because of the frame-rate limitations of the ultrasound system used to acquire the data, the first image in the poroelastogram was available only after a 3-4 s compression. This was a major limitation in our data since any temporal effects occurring prior to that time could not be imaged and could not be considered in the TC estimations. This limitation should not be present when using modern ultrasound scanners, which allow very high frame rates. Therefore, it may be expected that in the future, in vivo poroelastography may be performed using multicompression schemes, since such schemes allow maintaining relatively high cross-correlation values during the compression phase (Varghese and Ophir 1996) . During the relaxation phase, the cross-correlation values were maintained at high values by using the differential strains method (Righetti et al 2005a) . It is important, however, to note that the use of such a method may lead to inaccuracy in the measurements unless a sufficient poroelastographic signal (estimated effective Poisson's ratio) is available between the frames that are correlated (Righetti et al 2005a) . This may not be a problem in lymphedematous tissues, which are generally characterized by a relatively large amount of mobile fluid. However, it might be a problem in normal tissues, where small temporal changes are expected to occur. This could lead to noise in the poroelastographic measurements and/or an underestimation of the EPR-TC values. In the future, the use of alternative methodologies as well as more robust displacement and strain estimation algorithms should be investigated. It should be noted that generally in lymphedema tissues, a reduction of sonographic SNR with respect to normal tissues is expected to occur, which should theoretically cause a reduction in the poroelastography SNR (Righetti et al 2007b) . Based on the results of our study, this reduction of sonographic SNR did not appear to affect the poroelastography SNR, since in lymphedema cases the estimated effective Poisson's ratio changes were higher than in normal cases due to more significant fluid motion.
Generally, the poroelastograms obtained from the volunteer subjects suggested the existence of spatial features that were visible in the distribution of EPR in the subcutis. These features were not conspicuous in the corresponding sonograms. These features appeared to be particularly significant and localized in some lymphedema cases. More experiments as well as independent verification are required to understand if such spatial structures are related to changes in the local effective compressibility of the underlying tissue. This would suggest that the texture of the EPR elastograms and its temporal evolution under load may contain structural as well as temporal information about the tissue that might be useful in detecting pathological changes and/or differentiating among different tissue types.
In all normal cases, we did not observe any statistically significant time-dependent changes occurring during the time that data were acquired. This was also demonstrated by the relatively high values of EPR-TC, in all cases except one (volunteer 1). In all lymphedema cases, significant temporal changes could be observed. Such temporal changes appeared to occur only after several seconds of compression, while the first three to four images in the poroelastograms did not appear to change very much. This would suggest that fluid flow in lymphedema tissues might start to be significant only after several seconds of compression, a behavior that may be typical of poroelastic media. These temporal changes may also be related to perfusion phenomena.
In three lymphedema cases (figures 8, 11 and 12), we observed somewhat higher EPR-TC values. This may be related to the limitations of our technique in tissues of limited depth. However, the medical history of these patients suggested that these tissues could be progressing toward a more advanced stage of lymphedema, possibly characterized by the presence of some fibrosis. If fibrosis occurs, we may expect an increase in TC values due to two possible factors: (1) increased stiffening of the limb and (2) partial confinement of the fluid. In the future, more cases and better statistics are needed to investigate whether the use of EPR-TC elastography may be of help in distinguishing among lymphedematous tissues at different stages.
In one volunteer, the experiment was performed twice using two different compression levels. We expected the two compression levels to produce poroelastograms of different image quality. This could influence the observed temporal behavior since in vivo poroelastograms are generated by linear combinations of differential strain elastograms, and therefore, poor precision in the estimation can easily lead to large inaccuracy. As expected, the two compression levels generated poroelastographic images that appeared to have different signalto-noise ratio properties. However, the overall temporal behavior of the tissues (as depicted by the EPR-TC elastograms) did not appear to change in a statistically significant manner. This finding should be confirmed by a larger systematic study, but it would suggest that the poroelastographic images may only be partially influenced by the compression level, provided that this is within the range indicated by the strain filter theory Ophir 1997, Srinivasan et al 2003) . In general, in our experiments we tended to apply higher compression levels whenever the tissue of interest had limited depth (<1-2 cm). It might also be interesting in the future to repeat these experiments using a range of compression levels and evaluate whether for any given lymphedema tissue, it is possible to indicate a compression level that produces the highest values of TC SNR.
Although a recent study suggested that it may be feasible to use axial strain elastography alone for characterizing the temporal behavior of poroelastic materials (Righetti et al 2007a) , in this study we concentrated on the use of classical poroelastography methods only. Indeed, one of the main purposes of this study was to show that it might be feasible to generate poroelastograms in lymphedema tissue in vivo, although technically this is an extremely challenging task. Furthermore, imaging temporal changes in the axial strains alone might provide only partial information on the temporal behavior of a lymphedema tissue, information that might not be directly related to fluid flow translocation effects. In the future, however, it is strongly suggested to conduct a study similar to the one reported in this paper and investigate the potential of axial strain elastography for imaging the temporal behavior of lymphedema tissues. These results should also be statistically compared to the ones obtained using poroelastography techniques. Since axial strain elastograms are characterized by significantly higher SNR values than poroelastograms (Righetti et al 2007b) , the use of axial strain elastography might not only provide additional information to poroelastography techniques but it could be useful in interpreting poroelastograms and EPR-TC elastograms.
The statistical analyses performed on this limited data set suggested that it is possible to distinguish between normal and lymphedematous tissues using poroelastographic techniques in vivo. These results are encouraging given the technical difficulties related to the generation of the poroelastograms in vivo and, in general, the noise properties of EPR elastography (Righetti et al 2007b) . However, the big question that remains to be answered is whether poroelastography (alone or in conjunction with classical elastography methods and sonography) can be used to identify the severity of the disease and stage it so that appropriate treatment therapies can be promptly delivered.
Conclusion
The results of this preliminary study on lymphedema arm and leg subcutis demonstrate that at least in some cases it is feasible to generate poroelastograms from different lymphedematous tissues in vivo. They also suggest that lymphedematous tissues exhibit a temporal poroelastographic behavior that is significantly different from the behavior that characterizes normal tissues. Thus, poroelastographic techniques may be of use in the diagnosis and evaluation of lymphedema.
